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INVESTIGATION OF TWO-STAGE AlR-COOIZD TURBINE SUITABLE 
FOR FLIGHT AT MACH NUMBER OF 2.5 
I1 - BLADE DESIGN 
By James W. Miser and Warner L. Stewart 
SUMMARY 
A blade design study is presented for a two-stage air-cooled turbine 
have been previously obtained. The detailed procedure used i n  the design 
of the blades is given. In addition, the design blade shapes, surface 
c1 su i t ab le   fo r  flight a t  a Mach nuniber of 2.5 f o r  which velocity diagrams 
4 velocity distributions, inner and outer w a l l  Contours, and other  design 
7 data are presented. 
3 
O f  a l l  the blade rows, the f i rs t -s tage rotor  has  the highest  sol id-  
i ty ,  with a value of 2.289 at the  mean section. The second-stage stator 
a l s o  had a high mean-section solidity of 1.927, mainly because of i ts  
high inlet  whir l .  The second-stage r o t o r  has the highest value of t he  
suction-surface diffusion pmameter, with E value of 0.151. A l l  other 
blade rows have values f o r  t h i s  parameter under 0.100. 
INTRODUCTION 
The problems that  ar ise  in  engines  sui table  for  high f l i g h t  speeds 
are being investigated at  the MACA Lewis laboratory. As part of  t h i s  
program, a velocity-diagram study has been made of the turbine component 
of  an axial-f low turbojet  engine sui table  for  f l ight  a t  a Mach number 
of 2.5 ( r e f .  1). On t he  basis of this study the free-stream velocity 
diagrams a t  t h e  hub, mean, and t i p  and the inner and outer wall contours 
were obtained for a two-stage turbine that would sat isfy the require-  
ments of reference 1. These veloci ty  diagrams a r e  used t o  determine 
the  ve loc i ty  diagrams at the blade design sec t ion  rad i i  specf f ied  in  
the design procedure presented herein. . 
The purpose of the subdect report i s  to  p re sen t  t he  r e su l t s  of a 
blade design study made f o r  a turb ine   tha t  would satisfy the requirements 
sign procedure, the f i n a l  blade shapes and their  coordinates ,  the blade 
* of reference 1. Included i n   t h i s   r e p o r t  are an out l ine  of the  blade de- 
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surface velocity distributions, and a discussion of some of the  aerody- 
namic character is t ics  of the  f i n a l  blade shapes. Also discussed are the  
requirements imposed on the e x t e r n a l  blade shape by the amount of cooling 
air  and by the type o f  cooling passages that might be employed to dis t r ib-  
U t e  the  air  and ac t  a8 heat-transfer surfaces inside the blade. Since 
there  may be changes i n  the  internal  blade. cooling configuration i n  future 
experimental investigations, the effects of the cooling air on the  main- 
stream flow are treated rather generally,  and cer ta in  assumptions are  
made which allow  for  the  increased mass flow but  do not  consider  the many IP 
ways i n  which the cooling a i r  could a f f ec t - the  flow inside and downstream 
o f  the  bladechannel.  
SYMBOLS .. 
b 
c 
C 
DP 
Ds 
d 
1 
m 
N 
r 
r C  
blade height, ft 
curvature, f t -1  . 
blade chord length, ft 
pressure-surf’ace  -diffusion .. parameter, . defined as 
Blade inleG.relatFve velocity - Minimum blade surface relative velocity 
Blade inlet relative velocity - 
suction-surface diffusion pazameter, d e f i n e d  as 
Maximum blade surface relative velocity - Blade-outlet relative velocity 
Maximum blade surface r e l a t i v e  velocity 
approximate axial distance from t r a i l i n g  edge to  center  of  channel I 
exi t ,  f t  
length (specified by subscript), f% 
slope of..inner and outer w a l l s  
number of blades 
radius, ft 
average radius of curvature of  suction eurface downitream of 
channel exit, ft 
blade sp’acing o r  pitch, E t  
trailing-edge thicknese, f t  
blade velocity, i’t/sec 
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A 
0 
P 
rd 
3 
3 
Y 
V absolute gas velocity, ft/sec 
w relative gas velocity, ft/sec 
w mss flow, lb/sec 
+ blade  stagger  angle  measured from axial direction,  deg 
B relative gas-flow angle, deg 
Ste trailing-edge-thickness  parameter, t/(s cos a )  
p gas density, Ib/cu ft 
a blade solidity, c/s 
* angle equal to  half  the  wedge  angle  at  the  blade  trailing  edge, de  
t~ rotative speed, radians/sec 
Subscripts: 
a refers  to axial station Just inside  trailing  edge 
av average of suction-  and  pressure-surface  quantities 
C center of channel exit 
ce  channel  exit 
cr  conditions  at  Mach  number of 1.0 
h hub 
m mean 
mid midchannel 
0 orthogonal 
P pressure  surface 
8 suction  surface 
t tiP 
X axial 
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0 s ta t ion  at turbine  entrance 
1 sta t ion  at out le t  of' first-stage s t a t o r  
2 s ta t ion  at out le t  of f i r s t - s tage   ro tor  
3 s t a t ion  at- out le t  o f  second-stage s t a to r  
4 s ta t ion  at out le t  of second-stage  rotor 
Superscripts: 
. 
N .  g- i 
relative t o t a l  state 
BLADE DESIGN CONSIDERATIONS 
Turbine-Design  Requirements 
The design requirements of the subject t u r b i n e  were determined i n  
reference 1. The turbine velocity diagrams and t h e  inner and outer w a l l  
contours which satisfy these requirements are r ep r in t ed   i n   t h i s   r epor t  
as figures 1 and 2(a), respectively. 
Cooling-Air Requirements 
The cooling-air requirements for each blade row m e  discussed i n  
reference 1, where the cooling air required per blade row is. given i n  
terms of  t h e  r a t i o  cp o f  turbine cooling-air t o  compressor i n l e t  weight 
f l o w  as follows : 
Firs t -s tage s ta tor ,  'pl . . . . . . . . . . .  0.025 (exhausted overboard) 
First-stage  rotor,  cp2 . . . . . . . . . . . . . . . . . . . . . .  0.020 
Second-stage s ta tor ,  'p3 . . . . . . . . . . . . . . . . . . . . .  0.025 
Second-stage rotor, 'p4 . . . . . . . . . . . . . . . . . . . . . .  0.020 
Many ways o fexhaus t ing  the turbine cooling air from the blades have been 
considered. O f  these ways, the.arrangement that seems most su i tab le  f o r  
t h e  proposed flight application 3.s one i n  which the turbine cooling air 
from the f i rs t -s tage-  s ta tor  i s  exhausted overboard end t h e  cooling air of 
the other three blade rows i s  exhausted into the turbine mainstream flow. 
This arrangement seems t o  be feasible when the cooling air f o r   t h e  first- 
and second-stage rotors I s  exhausted from the t i p  end and the cooling air 
from the second-stage stator is exhausted from the  hub end. 
" 
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Effect of In te rna l  Cooling-Passage Requirements on Design 
of External B l a d e  Shapes 
5 
In designing an internally cooled blade, adequate provisions for the 
internal blade cooling passages must be considered i n  designing the ex- 
ternal  blade shape. One of t h e  reasons for  this  is tha t  su f f i c i en t  i n -  
ternal area must be provided to   pass   the  required amount of cooling air 
at subc r i t i ca l   ve loc i t i e s  and t o  obviate large pressure drops wtthin the 
blade. O f  even greater significance is the requirement imposed on the  
external blade shape by the  type of internal cooling passages that might 
be employed to  d is t r ibu te  the  cool ing  air over the inner surface of  t h e  
blade and t o   a c t  as heat-transfer surfaces.  
Since the use of corrugated inserts along the inner surface of the 
blade w a s  considered as a possible  solut ion to  the cool ing-air  dis t r ibu-  
t i on  and heat-transfer problems, this particular cooling configuration 
d ic ta ted   the   use  of blade shapes t h a t  would not require bending of t h e  
I corrugated  inserts t o  any grea t   ex ten t   in   the  radial direct ion.  
It wa8 fe l t  tha t  t h e  three-kimensional design procedures based on 
three design sectfons which have been used previously (see ref. 2) would 
result  in considerable bending of the corrugated inserts;  therefore,  a 
modified three-dimensional design procedure based on the  design of only 
two blade sections w a s  developed. By designing only two blade sections 
and f a i r ing   t he  rest of t h e  blade with straight lines through correspond- 
ing points on the  two blade sections as discussed in  the appendix, t h e  
bending of the corrugated inser ts  i s  minimized. 
A 
I n  order   to  have internal  blade cooling passages close t o   t h e  trail- 
ing edge, a wedge-shaped t r a f l i n g  edge w a ~  used i n  all four blade rows. 
The wedge angle at t h e   t r a i l i n g  edge is about IOo for each blade row with 
about an equal division of the  wedge angle between the  suct ion and pres- 
sure surfaces. The use of a wedge-shaped t r a i l i n g  edge requires a ce r t a in  
amount of curvature on the suct ion surface downstream of  t h e  channel exit 
( f ig .  3). The e f f ec t s  of curvature along t h i s  po r t ion  of the suct ion 
surface on the blade prof i le  loss and e x i t  flow angle are discussed sub- 
sequently i n  the section enti t led Discussion of Blade Design Procedure. 
Considerations of Two-Section Blade Design Procedure 
AB previously pointed out, a fa i r ly  s t ra ight  b lade  shape  is desired 
i n  order that  corrugated inserts,  i f  used, would not be b e n t   t o  any grea t  
on only two sections instead of the usual  three or more was adopted. The 
two design sections chosen were sect ions B and D of figure 4(a). Section 
B corresponds t o  a radius equal to the mean-section radius plus one-fourth 
" degree i n   t h e  radial direct ion.   In   order   to  do t h i s  a blade  design  based 
Y 
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the blade height at t h e  blade t r a i l i n g  edge, and sect ion D corresponds t o  
a radius e q w   t o   t h e  mean-section radius minus one-fourth the blade 
height at the blade t r a i l i n g  edge. It should be not-ed tha t  t he  radius of 
section B and t h e  radius of eection D axe constant from the i n l e t  t u  t h e  
outlet of a given blade row, but these radii vary from blade row to blade 
row. The radius of the mean section (section C> is  constant throughout 
the turbine,  as shown i n  figure 2(a), and the slopes of t he  inner and 
outer waJJ.8 are assumed to   be   equal  and opposFte from the  inlet  t o   t h e  
out le t  of‘a blade row. Small changes i n   t h e  inner and outer w a l l  contours 
from those ahown in  f igure  2(a)  are shown i n  figures 2(b) to (d). These 
progressive design Ch8ngeE and the i r   e f f ec t s  on the design are discussed 
subsequently . 
Since  section B is approximately half’way between t h e  mean and t i p  
over t h e  e n t i r e  axial length of the blade, the surface velocities of sec- 
t i o n  B should  be  fa i r ly   representat ive of those along the -surfaces of the 
mean and- the - t ip .  A similar assumption is made for  sec t ion  D with respect 
t o  t h e  hub and mean.  Thus, it i s  assumed tha t  the  cont ro l  of the veloci ty  
distributions a-ksections B and D should be adequate enough t o  ensure a 
low blade p ro f i l e  Loss. O n  the  basis of t h i e  assumption, a design proce- 
dure is outlined herein which is based on only two sections, From these 
two sections three other sections (sections A, C, and E i n   f i g .  4(a)) 
p a r a l l e l   t o   t h e  axis of rotat ion .-e obtained for blade fabrication pur- 
poses by t-he method given in t he  appendix. 
Design Assumptions 
The three-dimensional design procedure used herein is an adaptation 
of the-design  procedure  given  in  reference 3 with the modifications dis- 
cussed in  re ference  4. The assumptions used in  th i s  des ign  procedure 
consist  of the design assuqptions given i n  references 3 and 4, t he  assump- 
t ions  made t o  adapt the two-section blade design to   the  three-sect ion 
blade design procedure of reference 3, and the  assumptions regarding the  
cooling air. These  assumptions are: 
(A) Bee-vortex flow exists a t  a l l  free-stream stations. 
(B) Total temperature and total pressure are uniform from hub t o  t i p  
at . a l l  free-stream stat ions.  
( C )  Simple radial equilibrium exists i n   t h e  radial-axial plane from 
hub t o  t i p  at all axial stat-ions. Within the  guided channel-simple radial 
equilibrium is  assumed t o   e x i s t  from hub t o   t l p  along the centerline of a 
given or thogond surface. 
(D) There i s  no change in  to ta l - s ta te  condi t ions  from a free-stream 
s t a t ion  t o  a s t a t ion   Jus t   i ne ide   t he   t r a i l i ng  edge. 
” 
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(E) There is no change in  the  tangent ia l  ve loc i ty  from the  f ree-  
stream s ta t ions  to corresponding stations just inside the t r a i l i n g  edge. 
(F) In the design of tha t   por t ion  of each blade surface between t h e  
inlet and the  exi t  of t he  guided channel, t he  relative to t a l  p re s su re  is 
assumed t o  vary  l i n e a r l y   i n   t h e  axial direc t ion  from the  leading edge t o  
t h e   t r a i l i n g  edge of the blade. 
(G) In  order t o  adapt the two-section design to a three-section de- 
s ign   fo r   t he  purpose of inkegrating the w e i g h t  flow crossing a given or- 
thogonal surface, the  following quant i t ies  are assumed t o  vary l inear ly  
from hub t o   t i p :  
(1) The angles pS and p, (fig.  5) measured  between the  suc t ion  
and pressure surfaces and lines pazs l l e l  t o  t h e  axis of ro t a t ion  
at either end of a cross-channel orthogonal 
(2) The suct ion-surface to  midchannel ve loc i ty   r a t io  and t h e  
pressure-surface t o  midchannel ve loc i ty   r a t io  
(3) The cross-channel orthogonal length (fig. 5) 
(H) The addition of turbine cooling air t o   t h e  mainstream flow is  
assumed t o  be l i nea r   i n   t he   ax i a l   d i r ec t ion  from the  leading edge to t he  
t r a i l i n g  edge  of a blade row. . 
(I) AB soon as any port ion of the cooling air en ters   the  main stream 
within a given blade row, the   t o t a l - s t a t e  and flow conditions of t h e  
cooling air are the  same as those of the main stream. To th i s  ex ten t  the  
cooling air i s  considered t o   b e  a blockage uniformly distributed over the 
channel a t  a pazt icular  axial s ta t ion .  AB pointed out i n  r e fe rence  1, 
i n   e i t h e r  a cold-air tes t  of the turbine o r  i n  a test  of an actual engine 
at design operating conditions, the total temperature and t o t a l   p re s su re  
of the cooling air would probably not be too far d i f f e ren t  from those of 
t h e  mainstream flow. Therefore, t h i s  assumption is considered t o  be 
reasonable. 
Assumption (I) indicates  that  the cool ing air is assumed t o  produce 
some work in   fol lowing a streamline path similar t o  that of  the mainstream 
f l o w ,  but  it would be difficult to   i nco rpora t e   t h i s  work i n   t h e   c a l c u l a -  
t i o n  of the s tage work outputs. Therefore, the cooling air is neglected 
in  calculat ing the work of each stage, but it is  accounted for  in  cons id-  
ering  the  cooling air as a free-stream flow blockage. 
Trailing-Edge Thickness, Solidity, and Design Velocity D i a g r a m s  
As pointed out in reference 5, the  over-all blade loss decreases 
with a decrease in  the  t ra i l ing-edge  th ickness i  therefore ,  it w a s  desired 
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t o  have a t h i n  t r a i l i n g  edge. However, in  order  that  the internal .  b lade 
cooling passages could come su f f i c i en t ly   c lose   t o   t he   t r a i l i ng  edge t o  
adequately cool the trailing-edge region, the trailing-edge thickness w a s  
limited t o  a minimum of 0.030 inch for a l l  four blade row8. 
The free-stream velocity dlag~ams. at the  hub,  mean, and t i p  shown 
i n  figure 1 for the  inner  and outer w a l l  configurations of-figure 2(a) 
are used as the  baeis  for  calculat ing the design veloci ty  diagrams at the- 
design sections. Since the blades were designed using sections B and D 
( f ig .  4(a)), as previously discussed, it w a s  necessary t o  c a l c u l a t e  t h e  
free-stream velocity diagrams for  these  two sections (flg. 6 )  on t h e  
basis of assunrptions (A) t o  (C) .  Lnthe design of a blade section, how- 
ever, the trailing-edge design w a s  based on the veloci ty  diagram calcu- 
lated fo r   t he   s t a t ion  just i n s ide   t he   t r a i l i ng  edge on the  basis of--as- 
sumptions (D) and (E) and continuity, considering the effect of t r a i l i ng -  
edge blockage only. In  order  to  ca lcu la te  the trailing-edge blockage, it 
is necessary t o  determine the pitch, or spacing, of  the blades in  addi- 
t i on  t o  the prescribed trailing-edge thickness. 
In determining the pitch of the blades two things were considered, 
namely, t he  so l id i ty  and the  ax ia l  chord length. For each blade row a 
value of so l id i ty  was chosen t h a t  would r e s u l t   i n  a satisfactory veloc- 
i t y  d i s t r i b u t i o n  from the standpoint of low surface diffhsions. If later 
in the design procedure it was found t h a t  t h e  veloci ty  dis t r ibut ion was 
unsat isfactory,  the sol idi ty  w a s  changed as required. In the over-al l  
engine design it- proposed  that--  the  turbine  rotor shaffrwould be can- 
t i levered from a bearing  located a t  an axial  posrtion  approximately  equal 
t o  that of the leadlng edge o f . the  f i r s t - s t age  s t a to r .  For t h i s  reason, 
an e f f o r t ~ w a s  m a d e  t o  reduce the axfal length of the  turbine by reducing 
the axial chord length of each blade row as much as possible-without 
causing the blade t o  be so t h i n   t h a t  it would be impossible t o  i n s t a l l  
internal blade cooling passages. 
For the selected values of so l id i ty  and the selected wedge angle of 
loo, preliminary blade sections and channels were drawn f o r  all four blade 
rows. These sections were analyzed t o  determine-the extent to which t h e  
blade sect ion could be scaled down and still"pi-ovide adequate internal 
cooling area. By t h i s  method t h e  final axial chord lengths of t he  first- 
s tage   s ta tor  and ro to r  and t h e  second-stage stator and rotor  were deter-  
mined t o  be 1.8, 2.5, 2.0, and 2.5 inches, respectively. This variation 
i n  axial chord length of the  last three blade row6 r e su l t s  i n  the inner  
and outer wall configuration shown in   f i gu re  2(b) .  
For these values of a x i a l  chord length and solidity,  the pitch of 
each blade section can also be determined. Then the trailing-edge block- 
age he can be calculated by the equation 
NACA RM E56K06 9 
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where p is the  free-stream flow angle, which is approximately equal t o  
the flow a n g l e  j u s t  i n s ide  the  t r a i l i ng  edge. Then, on the  bas i s  of con- 
t inu i ty ,  the  weight-flow parameter at t h e   a t a t i o n   j u s t   i n s i d e   t h e   t r a i l i n g  
edge was calculated  by  the  equation 
With t h i s  weight-flow  parameter  inside  the  trailing edge and the  
t angen t i a l  c r i t i ca l  ve loc i ty  r a t io  from assumption (E), the  veloci ty  dia- 
gram ins ide   the  trailing edge was determined by use of t he  "flow chart" 
shown i n  figure 3 of reference 6. The velocity diagrams f o r  each s t a t i o n  
j u s t   i n s i d e   t h e   t r a i l i n g  edge are s h m  in figure 6 .  
- BLADE DESIGN PROCEDURE 
During the blade design there were progressive changes of t he  tur- 
_I bine inner and outer walls as ind ica ted  in  f igure  2. In reference 1 ve- 
l o c i t y  diagrams were evolved for  the configurat ion shown i n  figure Z(a),  
which has equally spaced free-stream stations and equally divergent inner 
and outer walls from s ta t ions  1 t o  4. In  order  to  shor ten  the  turb ine  
f o r   t h e  mechanical reasons previously mentioned, t he  axial chord length 
of each blade r o w  was shortened as much as poss ib l e ,   r e su l t i ng   i n   ax i a l  
chord lengths of 2.5 inches for  the  first- and second-stage rotors and 
2.0 inches for the second-stage stator. This d i f f e rence  in  the  axla1 chord 
lengths between the   ro tors  and the  second-stage  s ta tor   then  resul ted  in  
the configuration shown in  f igu re  2(b). To allow suff ic ient  c learance 
between the  blade rows for  the  instrumentation  to  be  used  and  the m u -  
facturing tolerances specified,  the blade rows were spaced 5/8 inch apart  
a s  shown i n  figure Z(c). Then, in  order  to  provide straight inner and 
outer walls, straight l i n e s  were drawn at the  hub and t i p  from s t a t i o n  1 
to s t a t i o n  4 as shown i n  f igu re  2 (d ) .  In  the  f i n a l  manufacturing drawing, 
t h e  hub radius at the  inlet of each of t he  Isst three blade rows was re- 
duced by 0.015 inch  to  prevent the mainstream flow from impinging on a 
sharp corner i n  case of expansion of e i the r  the rotor  shaft or  the outer 
cas ing  to  which the s t a t o r  blades are fastened. To def ine the w a l l  at  
the  hub, a s t r a i g h t   l i n e  w a s  drawn from the  new leading edge of t he  blade 
base t o  t h e  blade hub outlet  radlus.  This last change is  ins igni f icant  
insofar  as the  turbine aerodynamics i s  concerned, and it i s  neglected 
hereafter.  - 
In  the blade prof i le  design the suct ion surface is divided into 
three par ts ,  namely, that portion upstream of the  channel i n l e t  ( f ig .  3), 
that portion downstream of t he  channel. ex i t ,  an& tha t   por t ion  between t h e  - 
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inlet -and exi t  of  the  guided channel. In the  design procedure the two 
portions of the suction surface outside the guided channel are designed 
on the basis o f  t h e  angles given i n  the design velocity diagrams of f ig -  
ure  6, consideration being given t o   t h e  divergence of  the- inner and outer 
w a l l s  as shown i n  figure 2 (a) i n  establishing the length of the channel 
exie--Zce (f ig .  3(a)) .  The third port ion of  t he  suction surface and the 
entire length of  the pressure surface between the inlet  and o u t l e t  of t he  
guided channel were designed using a three-dimensional channel design 
procedure similar to  those  usedin  re ferences  3 and 4. For the design of 
t he  guided channel, the  inner and outer w a l l  configuration of  figure 2(c) 
was used i n  order t h a t  the channel design would be consistent with t h e  
deeign velocity diagrams used. 
In  the  fillowing out-line of t he  design procedure, that portion of 
the procedure concerned with the design of t he  guided channel can be 
divided in to  a pre l ianary   swface   ve loc i ty   inves t iga t ion  to detect un- 
acceptable velocity fluctuations along the  blade surface,  an i teration 
process of matching an assumed .surface  velocity  distribution  with the 
design weight flow, elimination of large surface diffusions by altera- 
t ions  of  the  channel design, and a repe t i t ion  of  the  i teration grocees 
mentioned, i fnecessa ry .  
The detailed blade design procedure i s  given i n  the following steps: 
(1) The t r a i l i n g  edges of two adJacent blades w e r e  represented by 
c i r c l e s  o f -  0.030-inch diameker drawn 1. blade p i tch  apart. 
(2) To representthe suction surface at t h e  t r a i l i n g  edge, a l i n e  
was drawn t angent  t o  one c i r c l e  at an angle 5 O  larger  than the flow angle 
inside  the trailing edge (fig.  3). 
(3) To represent-the pressure surface at the t r a i l i n g  edge, a l i n e  
was drawn t angen t to  the  o the r  c i r c l e  a t  an angle So smaller than pa. 
(We l i n e s  drawn i n  s t e p s  (2) and (3) then represent a 10° wedge angle 
at- the t r a i l b g  edge. ) 
(4) Assuming that the channel exit area over - the  blade height should 
be equal " t h e  annulus area at- the  blade exit. minus the trailing-edge 
blockage, t h e  length of  the channel ex i t  at each of t he  two design sec- 
t i ons   oeeach  of the last three blade rowB w a s  aajusted t o  compensate f o r  
t he  change i n  annulus area from s t a t ion  1 t o  s t a t ion  4 on- the  basis  of  
the inner and outer w a l l  divergence shown i n  figure 2 ( d ) .  The  method of 
dekermining the length of t he  channel ex i t  is a8 follows: 
" 
I 
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where $ i s  half   the  wedge angle. 
. 
(a) The approximate axial distance from t h e   t r a i l i n g  edge t o  
the center of the channel exit w a s  calculated by the equation 
' (b) The constant and equal slopes of the inner and outer walls 
from stat ione 1 t o  4 ( f ig .  2(d))  were determined f r o m  the change 
in   t he   r ad ius  of both  the  inner and outer walls between these two 
stat ions.  In  reference 1 the  hub radius was specif ied t o  change 
from 9.555 t o  8.555 inches between s ta t ions  1 a n d  4, and t h e   t i p  
radius was spec i f i ed   t o  change from 14.000 t o  15.000 inches over 
t h e  same dis tance.  In  the f inal  design of the  turb ine  the  c lear -  
ance between blade rows is  spec i f i ed   t o   be  about 5/8 inch; there- 
fore ,  the  axial length of the turbine from t h e   o u t l e t  of t he  
f i r s t - s t age  s t a to r  to t he  ou t l e t  of the second-stage rotor I s  
8- inches. F r o m  these  values,  the  slopes % and mh of  the 
inner and outer w a l l s  were calculated. (Note tha t  t he  two slopes 
are equal i n  mcLgnitude but   opposi te   in  sign. 1 
7 
a 
(c) Using the  
(4a) and (4b), the 
be w a s  calculated 
b, = 
I 
I 
I 
I 
! 
I 
I 
i 
I 
! 
I 
values of d, mt, and % ca lcu la t ed   i n   s t eps  
blade height at the center  of the channel exit 
by the  equation 
I 
( r t , a  - - (rh,a mhd) 
. .  
r t ,a  - rh,a - (% - mh)d I 
(a) The length of t he  channel e x i t  w a s  t hen   ca l cha ted  from 
t h e   r a t i o  of blade height at t h e   t r a i l i n g  edge to   the   b lade   he ight  
at the center  of t h e  channel e x i t  by the equation 
(5) As shown i n  figure 3, the channel exit  was located on a l i n e  
t h a t  was dram perpendicular t o   t h e   l i n e  drawn i n   s t e p  (3) at the point  
I 
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of-tangency of-the l i n e  of s tep (3) and the t ra i l ing-edge circle .  The 
length of the channel exit  calculated.in step (4d) wae then measured 
along t h i s   l i n e .  
(6) A i  the suction-surface end o f - t h e  channel e x i t  8 l i n e  was drawn 
perpendicular t o  the channel exit. 
(7) Having thus determined two lines tangent to the- suction surface 
as well as the i r   po in ts  of tangency i n   s t e p s  (2)  and (6), a drafting tP 
spline was localm3 tangent t o   t h e s e  two i ines  at the specif ied points  of 
tangency. A br i e f  examination of the shape of t h e  result ing portion of 
the suction surface downstream of t he  channel ex i t  w a s  then made to  de t e r -  
mine whether or not the local curvatures were excessive. If the  loca l  
curvatures were excessive, an attemptwas made t o  d i s t r i b u t e  more evenly 
the curvature along this portion of the suct ion surface ei ther  by reduc- 
ing the wedge angle or by changing i ts  position slightly with subsequent 
changes i n   t h e  channel ex i t   pos i t ion .  
k 
.. 
(8) A t  the  leading edge of each blade row the  suction. and pressure 
. " 
surfaces were drawn t o  converge t o  a point termed the  design  leading  edge t 
( f ig .  3). The axial  locat ion of the design leading edge correeponded t o  
an axial distance- forward o f t h e   t r a i l i n g   e d g e - e q u g l   t o   t h e  axial chord 
length  previously  specified f o r  each  blade row plus an. d d i t i o n a l   l e n g t h  
estimated on the baeis  of the type of-edge shape desired-at the leading 
edge. The tangent ia l  locat ion of the- leading edge with respeck-to the 
t r a i l i n g  edge (described by length . in f i g .  3) w a s  determined by locat-  
ing the design leading edge i n  such 8 w a y  that good curvature distribution 
was obtained on the suction surface between t h e   i n l e t  and exi t  o f  t he  
guided channel. The design of the leading edge of the  stators differs 
*om t h a t  of the  rotors 8s follows: 
.. 
. "" 
I 
. L  
1 
I 
(a) A t  t-he design leading edge of each of the  s ta tors  the  
suction and pressure surfaces were made to converge at an angle 
o f  about ZOO t o  3oo with each other and to have about equal but 
opposite-inctdence angles with the mainstream flow. Therefore, 
the result ing design axial chord length  were about 0.1 inch 
longer than the specified axial chord length of t h e   f i n a l  blade 
shape w i t h  a rounded leading edge. 
(b) At-the design leading edge of the rotors the pressure 
surface was dram tangent- t o  the  suct ion surface ( f i g .  3(b) ), 
and at- this  point  the angle  orboth surfaces  was equal to that 
o f t h e  b l a d e  i n l e t  free-stream Flow. Wtth th i s  type  of leading- 
edge-design the blade i s  usual ly   suff ic ient ly   thick  with  respect  
t o  turbine cooling to  ra ind off  t l ie . leading.edge at an axial 
distance of about 1/2 inch from the design leading edge. There- 
fore, the design axlal chord length of the rotorp w a s  specified 
t o  be 3.0 inches. From t he  de6fgn leadln@;"edge t o  the  -.design 
channel inle-b-the suction surface was represented by a straight 
'.ne a t  an angle equal t o  the i n l e t  free-stream relative flow 
angle (see fig.  3(b)).  - 
NACA RM E56K06 - 13 
. 
(9) A suction surface w a s  then represented by an arbitrazy curve. 
connecting the portion of the suction surface upstream of the channel in- 
let  wi th  t h a t  downstream of the channel exit. Local curvatures on the  
suction surface were measured with a curvometer described i n  appendix B 
of reference 4. Large local curvatures w e r e  reduced by changing the  dis-  
t r i bu t ion  of the curvature from channel i n l e t   t o  channel outlet, by 
changing the tangential  posftion of the leading edge relative t o   t h e  
t r a i l i n g  edge, or by changing the position or amount of t he  wedge angle * 
at t h e   t r a i l i n g  edge. 
(10) The pressure surface was then represented by an arbitrary  curve 
drawn from the design leading edge t o   t he   po in t  of tangency at the  
trailing-edge circle determined i n   s t e p  (3). 
(11) A se r i e s  of orthogonal lines (fig. 5)  was drawn from the  suc- 
t ion surface to  the pressure surface.  A t  t he  ends of these orthogonal 
l i nes   t he   l oca l  c u r v a t u r e 6  of the suction and pressure surfaces.were 
measured by a curvometer. The l eng ths  of the orthogonal l ines were a l s o  
measured. 
(12) U s i n g  t h e  values obtained i n   s t e p  (U),  the  ratio of the suction- 
surface veloci ty  to  the midchannel velocity W s / W d d  and t h e  r a t i o  of t he  
pressure-surface velocity to the midchannel velocity Wp/Wda w e r e  cal- 
culated at each orthogonal l i n e  by equations (39) and (40) of reference 7, 
which i n   t h e  symbols of t h i s  report  are as follows: 
(13) In  order  to  detect  undesirable  surface ve loc i ty  f luc tua t ions  
resu l t ing  from a comblnation of local  surface curvatures  and orthogonal 
lengths as represented In equations (2) and (31, a prelimfnary surface 
velocity check was made without considering the continuity requirementa. 
This w a s  done by assuming a suct ion-surface  veloci ty   dis t r ibut ion  that  
would satisfy the surface diffusion requirements and then calculating the 
midchannel and pressure-surface velocity distribution by equations (2) 
and (3). If the  midchannel and/or the pressure-surface veloci t ies  had 
large local  f luctuat ions,  the blade p r o f i l e  was changed in  o rde r  t o  g ive  
a steadier velocity variation, and steps (9) t o  (13) were repeated. 
(14) Having established t h e  channel design for both sections B and 
D of a given blade row i n  t h e  preceding steps, sections B and D of  t h e  
s t a t o r s  were stacked so that  the centers  of  the channel  exi ts  ( f ig .  3(a)) . 
i 
I 
! 
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were i n  a common radial plane perpendicular to.the axis of rotation, and 
sections .B and D o f t h e   r o t o r s  were stacked s o  tha t - the i r   t r a i l i ng  edges 
would be tangent t o  a common radial plane perpendicular t o   t h e  axis of 
rotat ion.  Then, assumptions (G1) t o  (G3) were used t o  estimate t h e  quan- 
tities pav, Ws/Wdd, wp/wdd, and 2 ,  a t  t h e  hub, mean, and t i p  radii. 
9 (15) From the  values of Bav obtained i n  step (14) a t  the- hub, 
mean, and t i p ,  t h e  r a t i o  of t he  midchannel velocity a t  t h e  hub o r  t he  
t i p   t o   t h a t a t - t h e  mean was obtained from equation (3) of reference 8, 
which ia based on simple radial equilibrium. A rearranged form of t h i s  
equation with the symbols of t h i s   r e p o r t   i e  
wmid, E 
Wmid, rm 
where 
(16) By assuming a midchannel velocl ty   dis t r ibut ion at the  mean 
section, the mfdchaMel velocity dletributions at the  hub and tip were 
t a i n e d   i n   s t e p  (15). Then, wi th   the   ra t ios  W , / w ~ d  and W Wmia ca l -  
culated 'in step (12), the suction- and prmsure-surface relative velocity 
ra t ios ,  We/Wcr and W Wcr, respectively, were calculated at the  hub, 
mean, and t i p .  
calculated  by usfw the ra t io6  wmid,h/Wmid,m and wdd, O b -  
p/ 
FJ 
(17) With the  values of to, W,/Wcr, and Wp/Wcr obtained, the 
average integrated mass flow across each sele.cted..orthpgonal surface was 
calculated  by  the following equation: 
.. i 
.O 
0 
U 
e 
NACA RM E56K06 - 15 
In  the integrat ion of pW along' the orthogonal a =near variation i n .  
s ta t ic  pressure  from the suction surface to the pressure surface w a s  as- 
sumed, and the  tables for a r a t i o  of spec i f ic  hea ts  of 1.3 and t h e  method 
of  integration of reference 9 were used. 
(18) On the  basis of  assumption ( H ) ,  the design weight f low crossing 
each orthogonal surface was calculated. These values were compared with 
those obtained in step (17). If t he  weight  flows  of s tep  (17) d i f fe red  
from the  design values by more than 1 percent at corresponding axial 
stat ions,  then the or iginal  assumption of t he  midchannel velocity dlstri- 
bution at the  mean of s tep (16) was altered uc t i l   t he   ca l cu la t ed  and de- 
sign w e i g h t  flows agreed within l percent. 
(19)- From t h e  f i n a l  midchannel veloci ty   dis t r ibut ion at the  mean ob- 
ta ined  in  s tep  (18), t he  midchannel veloci t ies  at sections B and D were 
obtained by using equation (4). 
(20) The suction- and pressure-surface velocity distributione of 
sections B and D were then calculated from the midchannel velocities cal- 
cu la ted  in  s tep  (19) and the  ratios Ws/w&d and W,/W, determined i n  
s tep (12). 
(21) Since all f o u r  blade rows were designed with a curved suction 
surface downstream of t he  channel exit, some suction-surface diffusion 
would have to be accepted. Within the channel the upper limits of t h e  
suction-surface diffusion parameter DE, which is  a measure of t he  
suction-surface diffusion, were set at 0.15 f o r  t h e  s t a t o r s  and 0.20 f o r  
t h e  rotors .  If any of the calculated suction-surface diffusion parameters 
at sections B and D exceeded these limits, then the blade channel w a s  re- 
designed w i t h  changes t o  reduce the suction-surface diffusion parameter. 
Final Blade Shapes 
F r o m  the  design S e C t i O I l E  B and D, three other sections (A, C, and 
E, f i g .  4(a)) were obtained by the  method outlined in t h e  appendix. 
These f i v e  blade p ro f i l e s  were then stacked in t he  manner discussed i n  
the  appendix. 
The final blade channels and profiles for sections B and D f o r  all 
four blade row6 are shown in  figure 7. The coordinates for t h e  f i v e  
blade sections of all four blade rows axe given i n  table I, The typ ica l  
prof i les  f o r  use in  reading the t ab le  are given i n  figures 4(b) and(c) .  
Discussion of Bl& Design Procedure 
The design of a three-dimensional blade r g w  fa usually based on at 
least three blade sections t h a t  adequately define the necessary channel 
I 
! 
I 
I 
I 
I 
I 
I 
I 
I 
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quant i t ies  required at the  hub,  mean, and t i p .  However, for  the type of 
air-cooled blade-proposed for the subject application, a f a i r l y   s t r a i g h t  
blade w a s  required.  Since a three-section  design might- possibly  have- - - 1  
resulted  in  undesirable  bending  of-the  blade i n t e r n a l  cooling passages, 
t h e   b l a e s  for the  subject  turbine were based on only two sectFons (B 
and D, f ig .  4(a)). On the  basis of a l inear  var ia t ion  in  the rad ia l  d i -  
rec t ion  of the f o u r  design quantities pav, z,, Ws/Wmidr and wp/wmid 
based on the values at the two design sections B and D, the values o f -  
these four quant i t ies  were obtained a t  the  hub,  mean, and t i p .  1% should $ !  
be  noted  that  the four  quantities  thus  obtained do not r ep resen t the  g i  
actual  values  for  the  f inal   blade  shapes at the hub,  mean, and t i p  ob- - !  
ta ined from sections B and D by the method of the  appendix and the  sub- 
sequent conformation to  the  inne r  and outer w a l l s  shown i n  figure 2(d). 
The calculated values of these four quantit ies represent only good ap- 
proximations of those that actually exist-in the final design. 
. -. 
. .  
In order t o  compare the design method based on two sections with 
t h a t  based on three sections, the weight--flows obtained by t h e  two d i f -  
f e r e n h e t h o d s  w e r e  compared.  The blade used  for  th i s  comparison' had 
been designed previously using three design sections. The differences 
between the  weight-flows calculated by the  two different  methods was less 
than 1 percent  for  the same midchannel.velocity distribution at the mean. 
This means then that  the veloci ty  dis t r ibut ions far sections B and D for  
each of the  blade rows designed herein  should  be  fairly  representative of 
those that-would have been obtained by a three-section design method. 
" 
In  the design of  all four blade rows the inner and outer-wall con- 
f iguraHon shown i n  f i g u r e  e ( ~ )  was assumed, but subsequently the inner 
and outer w a l l  configurations for the last-three blade rows were changed 
t o  those shown i n  figure 2(d). As indicated in  f igure Z ( d ) ,  t he  hub and 
t i p  radii of t he  f ina l  i nne r  and outer wall configurat ion are  s l ight ly  
different-f'rom the corresponding radii indicated in  f igure 2(c) .  A t  the 
leading edges of the first-stage rotor,  the second-stage stator,  and t h e  
second-stage rotor, the differences i n  t h e  annular area between the  two 
configurations are 3.2, 3.5, and 1.8 percent, respectively. For t he  
f i r s t - s t age   ro to r  this represents an increase i n  the r e l a t i v e   i n l e t  f low 
angle of l.lo and a decrease i n  the  re la t ive  c r i t - ica l  ve loc i ty  ra t io  of  
aboue2 percent. It- should be noted t h a t t h e  hub and t i p  radii a t  the  
t r a i l i n g  edge of  t he  second-stage rotor were not changed, and at the 
t r a i l i n g  edge o f the . . f i r s t - s t age   ro to r  and the  second-stage s t a t o r   t h e  
changes i n   t h e  hub and t i p  r&i changed their  respect ive annular areas  
by less than 0.9 percent. Therefore, the f l o w  angles and veloci t ies  at 
t h e   t r a i l i n g  edges o f  t he  latter two bladcrowie would be .  changed by a 
negl igible  amount. 
In reference 10 a r e l a t ion  between the  blade  prof i le  loss and t h e  
suction-surface curvature downstream of the channel exit-is presented on 
I 
I 
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the basis of cascade data obtained at turbulence Levels below those 
usually encountered in turbines.  The va r i a t ion  in  the  p ro f i l e  loss i s  . therein presented over a range of Mach numbers as a function of a r a t i o  
of the blade spacing to the average radius of curvature of tha t   por t ion  
of the suct ion surface downstream  of t he  channel e x i t  s/rC. In order 
t o  pred ic t  the  magnitude of the  losses  a t t r ibu ted  to  th i s  suc t ion-sur face  
curvature, the value of s/rc w a s  approximated  by the equation 
where s s i n  f3 approximates the length of the suction surface downstream 
of the channel exit, and where 24r represents the angle through which 
the suct ion surface turns  downstream  of the channel exit. The values of 
s sin fl and  then  approximate  an  arc  length and an a r c  angle, respec- 
t ively,  from which a radius of curvature rC can  be  obtained. The 
la rges t  value of s/rC would then correspond to  the blade sect ion with 
t h e  smallest e x i t  Plow angle, which according to figure 1 i s  the second- 
s tage rotor  hub. T h i s  section has a relative e x i t  flow angle of 40°17', 
and the corresponding value of s/rC would then be 0.27. From f igure  
12(a) of reference 10 the   add i t iona l   p ro f i l e  loss would be approximately 
10 percent of the blade profile loss f o r  a -straight-backed blade. The 
magnitude of the  addi t iona l  losses  a t t r ibu ted  to the curvature on the suc- 
t ion surface downstream of the channel exit is considered t o  be very ques- 
tionable, because t h e  turbulence level i n  the second-stage rotor is con- 
sidered to be much higher than that of the cascade used to determine the 
resul ts  presented i n  f igure 12(a) of reference 10. 
c The curvature of the suction surface downstream of the channel exit 
a l so  has an e f f ec t  on the blade out le t  f low angle, as discussed i n   r e f e r -  
ence 10, which gives a r e l a t i o n  between t h e  value of s/rC and the  change 
in  the out le t  f low angle .  Since the blade exit Mach numbers of t he  sub- 
Ject  turbir .e  are in the high subsonic Mach umber range, the  values ob- 
ta ined from using figure 12(b) of reference 10 based on a blade  exi t  Mach 
number of 1.0 should be of t he  r igh t  magnitude. Using values of s/rc 
calculated by equation (5) and approximations of the f l o w  angle at t h e  
channel exit, it w a s  found t h a t  f o r  most of the blade sections the curva- 
ture  of the suct ion surface downstream of the channel ex i t  would a f f ec t  
t he  exit flow angle by less   than 0.5O and i n  a l l  cases by less than 1 .Oo. 
I 
I 
I 
I 
I 
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The design 
blades for each 
DISCUSSIOI? OF DESIGN -RESULTS 
v a , l ~ ~ e s  of t he  mean-section s o l i d i t y  and the  number of 
row are l isted i n  t a b l e  11. O f  the four blade rows, t h e  
turn ing  in  the  first=stage rotor  is the largest ;  and t ab le  I1 shows- t h a t  
in   the   f ina l   des ign   th i s   b lade  row has the  highest  sol idi ty .  . From t he  
surface velo'city distributions shown i n  figures 8(c) and (a), it can be 
shown tha t  a somewhat lower solidity  could have been used without exceed- 
ing the surface diffusion values of-figu-es 8 ( c )  and (d). However, t h e  
redesign would not-have resulted i n  a major improvement; therefore ,  the 
f i r s t - s t age  rotor design w a s  not changed. . 
It should also be noted that  the sol idi ty  of  1.927 for the  second- 
stwe s t a t o r  is a l s o  high. This high solidity occurred because, as i n  
the  f i r s tzs tage  ro tor ,  there  i s  a la rge  in le t  t angent ia l  ve loc i ty .  
Therefore, a higher-sol idi ty   than  those  usual ly   associated.with  s ta tors  
was required for the  BeCOnd-6tage s t a t o r   t o  avoid laxge surface 
diffusions. 
From the  surface veloci ty  dis t r ibut ion f o r  sections B and D i n  fig- 
ure 8, it can be seen that all four blade row8 have a certain amountof 
suction-surface diffusion. Based on an.average of values a t  sections B 
and D, t he  eecond-stage rotor has the highest value of' the suction-surface 
diffbsion parameter, 0.151 (table 11). A diffusion of t h i s  tnagnLtude is  
not considered excessive (ref. 4). The other blade rows had average 
suction-surface diffusion parameters o f  less  than 0.100. 
A blade design study was made f o r  a two-stage air-cooled turbine 
sui table  for f l i g h t  at a Mach number of 2.5 f o r  which velocity diagrams 
had been previously obtained. The detailed procedure used in  the  des ign  
of the blades was given. In addition, the design blade shapes, surface 
velocity distributions,  inner and outer waLLcontours, and other  design 
data were-presented. The important resu l t s  .o f . the .des ign  are as follows: 
1. The f i r s l ~ s t a g e   r o t o r  had the highest  solidity,  with a value of  
2.289 at the  mean section. 
2. The second-stage s t a to r  a l s o  had a high mean-section solidity of 
1.927, mainly because o f l t s  high inlet  whir l .  
3. The second-stage rotor has the highest suction-surface diffusion 
parameter, with a value o f  0.151. All other blade rows have values under 
0.100. ". - . . . - " - - . . - . . . " " - . -. . . . -. 
Lewis Flight Propulsion Laboratory 
Na t iona l  Advisory Committee fir Aeronautics 
Cleveland, Ohio, November 8, 1956 
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APPENDIX - " H O D  O F  DETERMINING BLADE SHAPES AT HUB,  MEAN, 
AND TIP FROM TWO INTERMEDIATE SEZTIONS 
19 
In the design procedure of this  report ,  b lade sect ions B and D ( f ig .  
4(a)) were determine&. In order to adequately define the blade shape for 
fabrFcation, it - a s  also necessary to determine sections A, C, and E 
( f ig .  4 (a ) ) .  For all four blade rows the  method of fairing is  the  same, 
but the way i n  which sections B and D are located with respect to each 
other is  d i f f e ren t  fo r  t he  stators and rotors; .  therefore,  they are dis- 
cussed separately. 
S ta tor  Blade Sections 
For  the s ta tor  blades the method of determining sections A, C, and 
E fram the design section6 B and D i s  as follows: 
(1) The suction surface of section B was divided into equal segnents 
and the end points of the segments were numbered from the leading edge. 
The pressure surface was similarly divided into equal segments. Then the  
p ro f i l e  of section D was divided in  the same manner with the number of 
segments on each surface corresponding t o  those of sect ion B. 
(2) Assuming that sections B and D were f l a t  instead of sect ions on 
a cy l indr ica l  surface, the radial distances between sections A, B, C, D, 
and E were determined from the radii of the  sect ions.  
(3) The two design sections B and D were placed one over the other 
so that the center of the channel e x i t  of adjacent blades at sect ion B 
was directly over the center  of the channel exit  of adjacent blades at 
section D and so that each blade profile was oriented a t  the proper blade 
stagger  angle. 
(4)' St ra igh t   l i nes  were bwn through correspanding points on the  
suction and pressure surfaces of sect ions B and D. Corresponding points 
on sect ion C were obtained by bisecting each line between points on sec- 
t ions  B and D. Corresponding points on sectim A were obwined by meas-  
uring  a long  each  s t ra ight   l ine  between points  on sections B and D a d i s -  
tance equal t o  the  horizontal   distance between points on sect ions B and 
D multiplied by t h e   r a t i o  of the  radial distance between sections A and 
B t o  that between sect ions B and D. Points on sect ion E were obtained 
i n  a manner similar to   those  on sect ion A. 
(5) The p ro f i l e s  of sections A, C, and E were then determined by 
f a i r i n g  curves through the  points  obtained for  these sect ions in  s tep 
(4). The rounded leading and t r a i l i n g  edges were defined by arcs of 
c i r c l e s  drawn tangent to the suction and pressure surfaces and located 
! 
! 
I 
i 
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i n  such a way that i n  a side v i e w  of the blade the leading and t r a i l i n g  
edges would be represented by straight lines-drawn though corresponding 
points on sections B and D. 
The method of determining sections A, C, and E fo r   t he   ro to r  blades 
is  largely the same . . . . . .  as tha t  -- for  the s ta tor  blades with some exceptions: rp 
O? 
. . . . . . . . . . .  ." ... " 2 -  . - "_ . . . . .  . . .  - cu w 
(1) and ( 2 )  same as steps (1) and (2) f o E  t h e  stator blades. 
(3) The center .of gravity of sections B and D Mere determined. 
Then sections B m d  D were placed one above the other so  that the  trail- 
ing edges were tange.nt t o - t h e  s e e  radial p+e perpenucul-ar t o  the 
axis of rotation..and s o  that the center of gravity of each section was 
over the axis of ro ta t ion . .  
(4 )  and (5) mme as steps (4) and (5) f o r  the et&or blades. 
(6) Cooling-air-passage areas were determined f o r  each section, and 
then air-passage-contours Fn the radial d l r e c t i m  were established. The 
centers of gravity for the blade profiles with cooling-air-passage areas 
were calculated, and from these centers of gravity the  centeLof gravity 
of the  en t i re  blade was determined. The center ofjgravity of section E 
was locat-ed in a radial-axial-plane, and then the blade tras t i l t ed  i n  
the tangent ia l  direct ion s o  that the center of gravity of the  en t i re  . 
blade was loca ted  in  t h i s  same radial-axial  plane.  
... 
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t 
x, 
in. 
0 
01 
.2 
.3 
.4 
05 
.6 
- 7  
.8 
.9 
1 .o 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2  -385 
2.4 
2.45% 
2.5 
2 -518 
2 :584 
2.6 
2.64C 
TABLE I. - BLAJE-SECTION COORDINATES 
(a) First-stage s ta tor  
Section (fig. 4 ( a ) )  
A 
Radius of' section, i n .  
E D C B 
13.851 9.635  10.666"  11.777  12.888 
Stagger angle> as, deg 
45-23  
* s  > 
in .  
0.050 
.263 
.384 
.462 
.514 
.548 
.568 
.574 
,569 
.555 . 537 
.515 
.491 
.465 
.439 
-410 
.382 
.352 
.320 
287 
.253 
.217 
182 
.147 
. l l 2  
.076 
"" 
-" - 
"" 
"" 
.040 
.015 
yP > in. 
0.050 
.026 
.097 
-153 
, 196 
.229 
.253 . 266 
-272 
.270 
.262 
.250 . 237 
223 
, 207 
192 
.174 
.158 . 142 . 124 
.lo8 
, 091 
.072 . OS4 
.037 
0 020 
"" 
"" 
"" 
"" 
.003 
.015 
T 45.23 
Ys 
in .  
0.050 
.263 
.383 
.463 
-519 
.557 
.579 
.589 
.587 
-575 
.557 
.536 
.5ll  
.485 
.457 
-426 
-394 
.360 
.325 
.289 
.252 
.215 
-177 . 138 
.099 
.060 
.015 
"" 
"" 
"" 
"" 
"" 
yP, in. 
D.05C 
-025 
,091 
.14i 
.189 
.222 
.24E 
.259 
,267 
.268 
.263 
.255 
.244 
.231 
.218 
.201 
.185 
.169 
.151 
.133 
. l l3 
.094 
,075 
054 
.034 
.015 
015 
"" 
"" 
"" 
"" 
"" 
T 45.23 T 
"
*E3 
in. 
0.05C 
.25C 
.378 
.465 
.526 
.566 
.592 
.603 
.602 
.594 
.578 
.556 
. .530 
.501 
.4 70 
.436 
. .400 
.364 . 326 
.286 
0242 
.204 
.161 
.119 
,076 
.035 
015 
"" 
"" 
"" 
"" 
"" 
yP.' in. 
3.050 
.024 
.086 
.138 
.180 
.213 
.237 
.253 
.262 
.266 
.265 
.260 
.252 
.239 
.226 
.211 
,194 
.175 
.155 
.135 
.114 
-092 
.070 
.048 
.024 
.om 
-015 
"" 
"" 
"" 
"" 
"" 
45.23 r 
y* t 
in. 
0. 05C 
.25i 
.37i 
.465 
.531 
.57E 
.605 
.621 
.621 
.6E 
.599 
.575 
. 5 4 7  
.516 
.481 
.445 
-407 
366 
.324 
.280 
.235 . 189 . 142 
.097 
.050 
.015 
"" 
"" 
"" 
"" 
"_ "" 
yPJ 
in. 
3.050 
.022 
.082 
.130 
.171 
.203 
.228 
-247 
.258 
.265 
.268 
.265 
.258 
.24% 
.236 
.220 
.201 
,181 
.160 
.137 
.112 
.088 
.063 
.037 
0 010 
,015 
" 
"" 
"" 
"" 
"" 
"" 
"- "" 
45.23 
y s  
in, 
5.05C 
.247 
.378 
.470 
.538 
.587 
.619 
.638 
-643 
.635 
.617 
.593 
-562 
.527 
.489 
0450 
.408 
.363 
.317 
.269 
.220 
.169 
.118 
.067 
.015 
- ". 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
yP> 
in. 
0.050 
.021 
.076 
.125 
164 
.196 
.223 
,242 
.258 
.26a 
.273 
.272 
.267 
.257 
.243 
.227 
,206 
.183 
.159 
.134 
.lo8 
,080 
.052 
.020 
.015 
" 
"" 
"- - 
"" 
"" 
"" 
"" 
", - -" 
"" 
1 
. ""T 
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I TABLE I. - Continued. BLADE-SEXTION COORDINATZS 
(b) Firs t -s tage rotor 
Section (rig. 4(a) ) 
A I B I c I D l  E 
Radius of section, in.  
14.352 9 . 203 10.499 11.777 13.055 
Stagger angle, as, deg 
t T 1 33.25 23.37 19 .oo 9.92 1 -1.00 
YS , 
in .  
1. 031 
.195 . 328 
.432 
.516 
.584 
.640 
.682 
.716 
.740 
0 755 
.761 
.759 
.750 
.732 
.710 
.681 
.648 
.612 
.573 
.533 
.491 
.448 
.401 
.353 
.303 
.250 
.197 
.140 
.079 
.015 
"" 
"" 
"" 
"" 
yP, 
i n .  
0.031 
.047 
.121 
.185 
.240 
.285 
.322 
.353 
.379 
.399 . 415 
.426 
.432 
-433 
.431 
.423 
.412 
.398 
.380 
.359 
.334 
.308 
.278 
.246 
.212 
.177 
.140 
.lo4 
.066 
.028 
.015 
"" 
"" 
"" 
"" 
ys 
in .  
I. 038 
.220 
.364 
.480 
.570 
.643 
.702 
.748 
.780 
.803 
818 
.821 
.817 
.803 
.781 
.752 
.720 
.680 
.636 
.589 
.538 
.482 
.426 
.366 
.303 
.236 
.167 
.094 
.015 
"" 
"" 
"" 
"" 
"" 
"" 
yP' 
in .  
3.038 
.045 
,128 
.198 
.255 
.305 
.347 
.381 
.409 
.431 
.448 
.459 
.464 
,465 
.460 
.450 
.438 
.419 
.397 
.370 
.340 
.305 
.268 
-225 
.182 
.137 
.089 
.040 . 015 
"" 
"" 
"" 
"" 
- " - 
"" 
ys 
i n  
3.045 
.250 
.410 
.540 
.640 
.721 
.787 
.837 
.872 
.895 
.go9 
.911 
.903 
-887 
.861 
.829 
.785 
.735 
.679 
.618 . 550 
.480 
.407 
.329 
.245 
-. 158 
.065 
.015 
"" 
"" 
"" 
"" 
"" 
-" 
"" 
Yp, Ysr 
i n .  in. 
1.052 0.059 
-026 
-484 .130 
.289 
.166 -100 
-411 .178 
.450 .250 
.573 -315 
.690  .372 
.792 .420 
.882  .462 
.962  .495 
1.028 .521 
1.079 .540 
1.U3 .552 
1.138 .557 
1.150  .555 
1.151 .548 
1.14C .532 
1.U7 .512 
1.081 .483 
1.031 .448 
-966 ,404 
.882  .351 
.778  ,288 
,649 .215 
"" .015 
-016 ---- 
.015 ---- 
"" "" 
"" "" 
""  "" 
"" "" 
"" "" 
""  "" 
"" "" 
yP' 
in .  
3.045 
.03e 
.13C 
.209 
.273 
.33c 
.37e 
.415 
.446 
04 7c 
0488 
.500 
.506 
.505 
.501 
.490 
-473 
.451 
.422 
.390 
.351 
.306 
.256 
.201 
.143 
.080 
.015 
.015 
"" 
"" 
"" 
"" 
"" 
"" 
"" - 
ys  J 
in. 
3 , 052 
.271 
-452 
.60C 
.715 
808 
.88C 
.935 
.975 
L.004 
L 0 02c 
L .023 
L .016 
L.OO0 
.971 
.932 
.882 . 821 
.751 
.672 
.589 
.499 
.400 
.295 
.184 
.070 
.015 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
yP 
in .  
1.059 
.016 
.121 
.2l6 
.299 
.368 
.428 
.478 
.518 
.552 
.578 
.596 
.608 
.612 
.610 
.600 
.582 
.557 
.521 
.476 
-420 
.355 
.274 
.181 . 080 
.015 
"" 
"" 
"" 
"" 
" 
"" 
"" -  - 
"" 
x, 
in. 
0 
.1 
.2 
.3 
.4 
.5, 
.6 
.7 
.8 
.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.495 
2.5 
2.541 
2.6 
2.643 
2.7 
2 , 796 
2.8 
2.9 
2.992 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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TABLE I. - Continued. BLADE-SECTION COORDLNATES 
(c) Second-stage s t a t o r  
Sect ion (f ig .  4 ( a ) )  
A E D C B 
Radius o F s e c t i o n ,  i n .  
14.647 I 13.221 1 11.777 1 10.333 8.907 
Stagger angle as, deg 
t T T T T 25. a 7  25.65 25.55 25.50 25.42 
"
yP, 
in. 
3.04C 
.w7 
.144 
.226 
.29% 
.345 
.384 
.41C 
.426 
.434 
.432 
.421 
.403 
.377 
.344 
.305 
.260 
. 2 u  
. x 0  . Lo6 
.051 
.001 
.016 
"" 
"" 
"" 
"" 
"" 
Y E  J 
in. 
I. 054 
.181 
no 
.334 
.383 
.417 
.440 
D 453 
.458 
.456 
.446 
.430 
.410 . 385 
.357 
.327 
.296 
.263 
-228 
189 
.148 
.lo4 
"" 
"" 
"" 
.058 
.016 
"" 
yPJ 
i n .  
0.054 
.02c 
.074 
.118 
.151 
.175 
.192 
.204 
.211 
.213 
.211 
.206 
.198 
.189 
.176 
.162 
.146 
.128 
.lo9 
.086 
064 
.040 
"" 
"" 
"" 
-015 
.016 
"- 7 
yP7 
in .  
I. 045 
.036 
,123 
.194 
.252 
.298 
.332 
.357 
.371 
.378 
.377 
.369 . 354 
.333 
.307 
.275 
.238 
.198 
.156 
.111 
.065 
.018 
.016 
"" 
- -" 
"" 
"" 
"" 
YPJ 
in. 
0.050 
.024 
.089 
.140 . It32 
.212 
.236 
.253 . 262 
-266 
.265 
.260 
.251 
.237 
.221 
.20L 
.179 
.154 
.126 
.098 
.068 . 036 
"" 
"" 
"" 
.003 
.016 
"" 
YB 9 
i n .  
I. 050 
.193 
.286 
.355 
.408 
.44 7 
e474 
.490 
.497 
.496 
.487 
.470 
.448 
.421 
.390 
.356 
.319 
.279 
-236 
191 
.143 
,092 
"" 
-" - 
"" 
.040 
.016 
"" 
= P J  
in .  
3.048 
.030 
.lo4 
.168 
.217 
.256 
.284 
.304 
.317 
.323 
.322 
-316 
.304 
.287 
.265 
.240 
,212 
.L79 
.14P 
. lo7 
.069 
030 
"" 
"" 
.016 
"" 
"" 
"" 
yk? J 
3 .  o4e 
i n .  
.201 
,303 
.379 
.435 
.480 
.512 
.530 
.539 
.5J8 
.528 
.513 
-489 
.460 
.424 
.385 
.342 
.295 
.245 
.192 
.137 
.079 
"" 
- -" 
.016 
"" 
"" 
-" - 
YEi 7 
i n .  
3.040 
.222 
.x1 
.428 
.496 
.549 
-584- 
.608 
.619 
.619 
,610 
.591. 
.563 
.525 
.480 
.429 
.374 
.314 
.249 
.180 
. lo7  
033 . 016 
"" 
"" 
"" 
- -" 
"" 
ys 7 
in .  
0.045 
.208 
.320 
.402 
.465 
.513 
.54 7 
.568 
-578 
.578 
,569 
.553 
.526 
.494 
.454 
.410 
.360 
.307 
.250 
.190 
.126 
.061 
-016 
"" 
"" 
"" 
-" - 
- "- 
x, 
in. 
0 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5- 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2 , 113 
2.154 
2.l92 
2.20 
2.230 
2.268 
I 
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TABLE I. - Concluded. BLADE-SECTION COORDINATES 
(dl Second-stage ro tor  
A I  B I C I  D l  E ! 
Radius of section, in. 
15.000 1 13.388 I 11.777 I 10.166 I 8.555 
t r r r r 32.45 26.00 15.43 3.83 -3.83 
YS 
in. 
0.030 
.117 . 182 
.244 
.298 
.347 
.387 
.419 
.443 
.457 
.465 
.466 
.459 
.448 
.432 
.413 
.392 
.370 
.347 
.324 
.297 
.271 
.243 
.213 
.182 
"" 
"" 
.147 
.115 
.080 
.045 
.015 
"" 
"" 
yP' 
in. 
I. 030 
.029 
.075 
.117 
.156 
.192 
.223 
.249 . 270 
.286 
.296 
.304 .306 
.304 
,299 
.290 
.276 
.260 
.239 . 216 
.191 
.165 
.137 
,106 
.074 
"" 
"" 
.040 
.004 
.015 
"" 
-" - 
"" 
"" 
% f 
in. 
3.030 
.136 
.224 
.308 
.386 
.461 
.527 
.585 
.63l 
667 
.691 
.704 
.707 
.698 
-679 
.650 
.612 
,566 
.511 
,451 
.384 
.312 
.236 
.155 
.070 
.015 
- - " 
"" 
"" 
"" 
"" 
"" 
-" 
"" 
yPJ 
in. 
I. 03C 
.026 
064 
.lo3 . 138 
.172 
.202 
.228 
.250 
.267 
.279 
.286 
-291 
.292 
.289 
.283 
.273 
.260 
.244 
.224 
.204 
.183 
.161 
.I37 
.114 
"" -" 
.087 
.062 
.036 
.009 
.015 
"" 
"" 
ys J 
in. 
I. 030 
.123 
.194 
.261 
.323 
.378 
.423 
.459 
484 
.500 
.507 
.508 
.502 
.488 
.470 
.448 
.424 
.396 
.370 
.340 
.305 
.267 
.227 
.184 
.139 
"" 
"" 
.090 
.041 
.015 
"" 
"" 
"" 
"" 
ys 3 
in. 
I .  030 
.127 
.207 
.284 
.354 
.419 
.473 
.517 
.551 
0573 
.585 
.591 
.587 
.574 
.555 
.528 
-496 
.461 
.420 
.373 
.323 
.269 
.211 
.151 
.088 
. 015 "" 
"" 
"" 
"" 
"" 
"" 
- -" 
"" 
yPJ in. 
3.030 . 034 
.085 
.133 
.175 
.213 
.246 
.273 
.296 
;313 . 324 
.332 
.336 
.334 
.326 
.314 
.298 
.279 
.255 
.227 
.195 
.160 
.122 
.081 
.036 
.015 
" - - 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
yP, in. 
3.030 
.039 
.097 
.148 
.195 
.236 
.273 . 304 . 329 
.349 
.364 
.375 
.379 
.379 
.373 
.362 
.344 . 322 
.295 
.262 
.225 
.181 
.134 
.080 
.022 
.015 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
"" 
ys t 
in. 
I. 030 
.I40 
.230 
.318 
.402 
.480 
.556 
.625 
.686 
.737 
.778 
.8r)8 
.825 
.830 
.823 . 806 
775 
.732 
.676 
.607 
.528 
.441 
.350 
.250 
.146 
"" 
"" 
.034 
015 
"" 
"" 
"" 
"" 
"" 
y P f  
in. 
3.030 
i 039 
.098 
.153 
.203 . 246 
.287 
.324 
.354 
.380 
.400 
.414 
.423 
.427 
.427 
.420 
.407 
.387 . 361 
.330 
.292 
.246 . 195 
-135 
.067 
"" 
- - " 
.001 
.01s 
"" 
"" 
- -" 
- -" 
"" 
x, 
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TABU rr. - SUMMARY OF  LADE DEXGN QUANTITIES 
Number of blades 
S o l i d i t y  a t  mean section, am 
Average suction-surface 
d i f fus ion  parameter, D, 
Average pressure-surface 
diffusion parameter, 4 
First stage T 
41 
2.289 1.395 
64 
0.090 0.096 
0.639 0.325 
Second stage 
Sta to r  
65 
1.927 
0.082 
0.402 
Rotor 
50 
1.687 
0.151 
0.316 
1 
a 
I 4256 
. 
I 
. 
I 
P 
! 0 
m 
I ;I 
. . .  
0 
It I 15 in.  
.I 8.555 in. 
-2.5 1n.- 
/
"" 
. .  
I 
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L 
Traillng-edge 
thickness,  t 
29 
Blade  gltch. 8 
surface 
Design 
(a)  Stator  blades. 
suction 
Parallel to 
a 
(b) Rotor blades.  (Variables  not  shown  are 
same as f o r  stator  blades.) 
Figure 3. - Some blade  design  variables  at  leading  and  trailing  edges. 
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See 
f t 
Parallel to axis of r o t a t i o n 7  I o.015 in t 
(a)  Typical blade, side view (except l o r  ffrst- 
stage s tator ,  which has oonatant hub and tFp 
r a d i i )  . 
( b )  Stator blade eection, top  view. 
b a r a l l e l  t o  ax le  
of rotation 
( c )  Rotor blade section, t op  view. 
Figure 4 .  - Typical top and s i d e  views of etator and rotor blades f o r  uae 
with table I .  
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Figure 5. - Deacrlptlon of orthogonal 6urfaCe and some variables in d e s i g n  procedure. 
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Stationa 
\ v/vo,)l - 0.809 :ti:'
+ 
(a)   Seot ion B .  (b) Beation D. 
L s .  4(a) f o r  location of sect ions. l j  
. - Velocity diagrams used l a  deli n of blades for two-stage turbine. 
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Section E Section D 
(a)  First-stage  stator. 
Section B Section D 
(b)  First-stage rotor. 
Section B Section D 
(c)  Second-stage  stator. 
Section B Section D 
(d)  Second-stage rotor. 
Figure 7. - Blade  profiles of stator  and  rotor  blades. 
(See fig. 4(a) for location of sections.) 
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(a) First-etage stator, section B. 
1.2 
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k u 
. 6  
. 4  
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Blade eurface lerqth. in. 
(b) First-stage stator, section D. 
' . I  
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Figure 8. - Design surface velocity distributions at blade sections B and D Por 
alLPour blade rows. - . .  . . . . - -. - 
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U (c)  First-atage rotor, aectlon B. 
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0 .4  .8 1.2 1.6 2 .o 2.4 2.8 3.2 
Axial locatlon, in. 
(a) First-stage rotor, sectlon D. 
Figure 8. - Continued. Design  surface velocity distributions at blade  sections B 
and D Po?? all four blade rows. 
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1.0 
.8 
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Ld 
k .2 
CI 
h .(e) Second-stage  stator,  section B. 
.6 
. 4  
.2 
Blade  surface  length, in. 
( P I  Second-stage  stator, sect ion D. 
. . . - . .. . - . " . . . - - -. - -. . . . .-. . . . . . .  " . . 
Figure  8. - Continued. De-sign surface  velocity d l s t r i b u t i o n a  at blade 
sections B and D f o r  all fou r  blade r o w .  
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U 
(g) Second-stage rotor, section B. 
.4 1.2 1.6 2.0 2.4 2.8 3.2 
Axial location, in. 
(h) Second-stage rotor, eection D. 
Figure 8. - Concluded. Design surface velocity distributions at blade sections 
B and D f o r  all four blade rows. 
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